ABSTRACT. Most guided wave-based damage detection methods for structural health monitoring rely upon detecting small damage-induced changes in ultrasonic guided wave signals. However, the structure of interest is generally exposed to variable loads and temperatures during normal usage, and received signals can be significantly affected. These signal changes are of concern because of their potential to cause false alarms during in situ monitoring. Load-induced signal changes are similar in some respects to those caused by temperature variations because both cause changes in bulk wave speeds and specimen dimensions. However, load-induced changes, unlike temperature changes, can produce a slight anisotropy of the structure, causing the changes in velocities to depend on the direction of propagation. Here we present experimental results that show the anisotropic effect of applied loads on the direct arrivals of various Lamb wave modes and compare that to both theory and to the isotropic effect of temperature.
INTRODUCTION
Spatially distributed arrays of guided wave sensors have been proposed to monitor the integrity of large structures for many structural health monitoring (SHM) systems. For example, several methods have been developed and demonstrated to image damage using delay-and-sum algorithms that are applied to residual signals after baseline subtraction [1] [2] [3] . It is well-known that temperature changes can significantly affect guided wave signals, and several strategies have been proposed and successfully implemented to compensate for such environmental changes [3] [4] [5] [6] . Even though the effects of applied loads may be unavoidable in the in situ environment, relatively little attention have been paid to them. One study of a sparse array applied to a full scale fatigue test of an aircraft wing has shown that applied loads cause anisotropic velocity changes, and that two signals from the same propagation path can lose coherence in time if acquired under different loading conditions [7] . The work presented here considers both temperature and uniaxial loading experiments performed on the same specimen to quantify the angular dependence of phase velocity changes for various Lamb wave modes. Experimental results for both temperature and load changes are compared to theoretical predictions.
THEORY
Both applied loads and temperature changes affect propagation of bulk waves in homogeneous and isotropic materials by changing the dimensions and the wave speed of the target structure. For temperature, the dimensions are changed by thermal expansion, and the bulk wave speeds change because of temperature induced variations in elastic modulus and density [4] . These changes in dimensions and wave speeds are isotropic for a homogeneous change in temperature. On the other hand, for applied loads, dimensions are changed as per the strain tensor and bulk wave speeds change because of the acoustoelastic effect; both of these changes are generally anisotropic [8] .
For guided waves propagating in a homogeneous, isotropic plate, the situation is more complex. For homogeneous temperature changes, if the coefficient of thermal expansion is known as well as how the elastic moduli (or bulk wave speeds) change with temperature, dispersion curves corresponding to a specific temperature can readily be calculated [9] . The practical effect is a change in both phase velocity and group velocity. The theory for acoustoelastic guided wave propagation is much more difficult because the applied loads change an initially isotropic medium into a slightly anisotropic one, and the so-called effective elastic constants do not have the same symmetry as the usual second order elastic constants [8] .
If Lamb waves are generated by one transducer and received some distance away by another, the primary effect of either a change in temperature or a change in applied load on the recorded signal is a time shift, or change in phase. This time shift ǻt can be calculated approximately by two terms, one due to the change in propagation distance d and the other due to the change in phase velocity c p [5] ,
If there is a temperature change, the change in distance is ǻd = ĮdǻT, where Į is the coefficient of thermal expansion and ǻT is the temperature change. If there is an applied load, the change in distance is ǻd = İd, where İ is the strain along the direction of propagation. It is expected that the change in phase velocity due to temperature changes will be independent of direction, but will have the following angular dependence for an applied uniaxial load, as is the case for bulk and Rayleigh waves,
Here K 1 and K 2 are mode-specific acoustoelastic constants, ı 11 is the applied stress in the x 1 direction, and ș is the angle of propagation in the plane of the plate (x 1 -x 2 plane). If the third order elastic constants are known along with the bulk wave speeds, density and second order elastic constants, dispersion curves corresponding to a specific load and propagation angle can be calculated [10] , which enables determination of the acoustoelastic constants for a specific mode and angle. In this study, the first arrivals of the Lamb waves are analyzed to quantify the acoustoelastic effect from measured signals. 
EXPERIMENTS
Experiments were performed to quantify changes in phase velocity as a function of both temperature and applied loads. An aluminum plate with dimensions of 305 mm × 610 mm × 6.35 mm was instrumented with ten PZT discs as shown in Figure 1(a) . The excitation was a five-cycle Hanning windowed sinusoid centered at various frequencies to produce an unambiguous first arrival of a specific Lamb wave mode: 150 kHz (S 0 mode), 250 kHz (S 0 mode), 400 kHz (A 1 mode), and 600 kHz (S 1 mode). Signals were recorded from 9 of the 45 possible transmit-receive pairs at three temperatures (about 19°C, 22°C and 25°C) and eleven uniaxial loads (0 MPa to 57.5 MPa in steps of 5.75 MPa). The test setup for the loading experiments is shown in Figure 1(b) .
Time shifts were measured by tracking zero crossings in the center of the direct arrival echoes as a function of first temperature and then applied uniaxial load. From the linear fits, time shifts are calculated for a specific change in either temperature or load, and the corresponding change in phase velocity is calculated as,
Here ǻd is calculated as either ĮdǻT or İd, and d is the measured distance. The effect of temperature changes on the measured direct arrival from two different transducer pairs is shown in Figure 2 for three different temperatures, and as expected, it can be seen that the primary effect is a simple time shift. In addition, this temperature effect is independent of the propagation angle. Next, the effect of loading on the measured signals was also considered for three different static loading conditions. As shown in Figure 3 , the effect on the direct arrival is the same as for a temperature change, which is a simple time shift as the load changes. However, because of the anisotropy of the applied load, the magnitude and direction of the time shift depends on the propagation angle. Waveforms from all 15 transducer pairs and for the various modes and frequencies are analyzed as per the example shown in Figure 4 for a single pair. For the S 0 mode at 150 kHz, Figure 5 shows time shift and phase velocity results for the temperature changes, and Figure 6 for applied loads; the nominal phase velocity is 5261.8 m/s. Note that these results correspond to a temperature change of 2 °C ( Figure 5 ) and an applied load of 46.5 MPa (Figure 6 ). The 2 °C temperature change was selected to approximately match the mean of the time shifts resulting from the 46.5 MPa load. As expected, the temperature induced changes are constant and do not exhibit any angular dependence. The thin, black horizontal line on each plot corresponds to the average value of the data points and the thicker gray line is that expected from theory. Note that the theoretical and experimental phase velocity changes are in good agreement as shown in Figure 5(b) . In contrast to the temperature data, the load induced changes show a clear sinusoidal dependence, and the solid curve on each plot of Figure 6 is the best fit to a sinusoid with a period of 180° and arbitrary phase. The theoretical plot of the phase velocity change is also in good The same data analyses were performed for three additional cases: 250 kHz for the S 0 mode (nominal phase velocity of 5038.8 m/s), 400 kHz for the A 1 mode (nominal phase velocity of 6553.9 m/s), and 600 kHz for the S 1 mode (nominal phase velocity of 6029.9 m/s). Results are shown in Figures 7, 8 and 9 , and the difference between temperature and loading effects on the phase velocity change is clear for these three cases. For all three, the theoretical and experimental plots show good agreement similar to the case of the S 0 mode at 150 kHz case. Note that 3 °C and 2.5 °C temperature changes were used for the A 1 and S 1 modes, respectively. 
CONCLUSIONS
This study has quantitatively compared the isotropic effect of homogeneous temperature changes and the anisotropic effect of a uniaxial load on propagation of various Lamb wave modes in an aluminum plate. Measurements of Lamb waves propagating at multiple angles clearly show the anisotropic effects of an applied load as compared to the isotropic effect of a homogeneous temperature change, and results are in good agreement with theory. The angular dependence of phase velocity changes caused by a uniaxial load follows the expected sinusoidal pattern whereas those caused by temperature changes exhibit no angular dependence. Time shifts caused by applied loads are of the same order as those caused by temperature changes and cannot be ignored in the context of structural health monitoring. Future work on development of in situ guided wave-based structural health monitoring systems must explicitly consider operation in a realistic loading environment to prevent false alarms caused by loading variations.
